Quantitative genetic research suggests that reading disability is the quantitative extreme of the same genetic and environmental factors responsible for normal variation in reading ability. This finding warrants a quantitative trait locus (QTL) strategy that compares low versus high extremes of the normal distribution of reading in the search for QTLs associated with variation throughout the distribution. A low reading ability group (N = 755) and a high reading group (N = 747) were selected from a representative UK sample of 7-year-olds assessed on two measures of reading that we have shown to be highly heritable and highly genetically correlated. The low and high reading ability groups were each divided into 10 independent DNA pools and the 20 pools were assayed on 100 K single nucleotide polymorphism (SNP) microarrays to screen for the largest allele frequency differences between the low and high reading ability groups. Seventy five of these nominated SNPs were individually genotyped in an independent sample of low (N = 452) and high (N = 452) reading ability children selected from a second sample of 4258 7-year-olds. Nine of the seventy-five SNPs were nominally significant (P < 0.05) in the predicted direction. These 9 SNPs and 14 other SNPs showing low versus high allele frequency differences in the predicted direction were genotyped in the rest of the second sample to test the QTL hypothesis. Ten SNPs yielded nominally significant linear associations in the expected direction across the distribution of reading ability. However, none of these SNP associations accounted for more than 0.5% of the variance of reading ability, despite 99% power to detect them. We conclude that QTL effect sizes, even for highly heritable common disorders and quantitative traits such as early reading disability and ability, might be much smaller than previously considered.
Introduction
Early reading disability, or developmental dyslexia, is by far the most frequently diagnosed form of childhood learning disability 1, 2 and shows strong stability into adolescence. 3, 4 A twin study of US twins between ages 7 and 18 has shown that reading disabilities are partly due to genetic factors. 5 Reading disability and ability in the early school years are also highly heritable, as shown in a study of 3000 pairs of UK 7-year-old twins (the sample used in the present study), with heritabilities of about 60% both for poor readers and for individual differences in reading ability for the entire sample. 6 These quantitative genetic analyses indicated that reading disability represents the low extreme of a quantitative trait of reading ability, which supports the hypothesis of multiple susceptibility loci of small effect size, known as quantitative trait loci (QTLs). 7 The QTL hypothesis predicts that genes associated with reading disability are also associated with individual differences in reading ability throughout the normal distribution, including the high end of the distribution. 8 QTL linkage research on reading disability indicating consistent linkage at 6p has led to a focus on two candidate genes at 6p22, although other less consistent QTL linkages are also being explored. [9] [10] [11] [12] Association analyses indicate that the effect size of the two candidate genes at 6p22 is small, yielding significant results only when severely affected individuals are compared to controls. 13, 14 Because QTL linkage is likely only to detect QTLs of relatively large effect size, one interpretation of these results is that the high heritability of reading disability and ability is due to QTLs of small effect size that slip under the radar of QTL linkage studies.
Allelic association is more powerful than QTL linkage for detecting QTLs of small effect size, 15, 16 although very large samples are needed to detect such QTLS. [17] [18] [19] Genome-wide association scans are now possible using single nucleotide polymorphism (SNP) microarrays 20, 21 although many issues remain to be resolved such as gene-versus genome-centred approaches, common versus rare variants, sample size and design. [22] [23] [24] [25] However, microarrays are expensive, which make them impractical for genotyping the very large samples needed to detect QTLs of small effect size. One economical strategy for screening large samples is to pool DNA for groups such as cases and controls for a disorder or low and high groups for a quantitative trait. [26] [27] [28] We have combined the strengths of microarrays and DNA pooling in a method we call SNP microarrays and pools (SNPMaP). Pooled DNA can be allelotyped reliably on microarrays. [29] [30] [31] [32] [33] We have used the SNP-MaP method with a 10K microarray to identify QTLs associated with mild mental impairment in a multistage design that includes confirmation by individual genotyping of SNPs nominated in the SNP-MaP scan. 34 In the present study, we apply the SNP-MaP method using 100K SNP microarrays in a three-stage QTL association scan of early reading disability and ability in a representative UK sample of 5760 7-yearold children assessed on two measures of reading that we have shown to be highly heritable and highly genetically correlated 6, 7 In the first stage we used pooled DNA to screen for the largest SNP allele frequency differences for more than 100 000 SNPs comparing low (N = 755) and high (N = 747) reading groups. Although many more SNPs are needed for a complete genome-wide association scan 35, 36 we used the Affymetrix GeneChip Human Mapping 100K Array Set because the first stage of this study was conducted before the Human Mapping 500K Array Set was available. In Stage 2, we individually genotyped nominated SNPs in an independent sample of low and high reading ability children to confirm and replicate the allele frequency differences observed in the pooling screen (Stage 1). In Stage 3, to test the QTL hypothesis directly, SNPs that yielded reliable allele frequency differences in the predicted direction in Stage 2 were tested for association across the entire distribution of reading abilities in an unselected sample of 4258 children. The goal of this three-stage design was to balance false-positive and false-negative results in the search for QTL associations of small effect size.
Materials and methods

Sample
The sampling frame for this study was the Twins Early Development Study (TEDS), a large-scale longitudinal study of behavioural development in a representative sample of twins born in 1994, 1995 and 1996, who have been followed from infancy through adolescence. 37 Stage 1: SNP microarrays and pooling (SNP-MaP) screen of low versus high groups. Stage 1 of the study was based on a subset of 3043 children (one member of each twin pair) from the 1994 and 1995 TEDS cohort for whom DNA and reading data at 7 years of age were available. This sample represented the entire distribution of reading scores.
High and low reading ability individuals were selected using a 25th percentile cutoff of the distribution of a composite reading measure described below, yielding 755 children low in reading ability and 747 children high in reading ability. DNA pools were constructed from the low and high groups (see Laboratory methods section). The choice of percentage cutoffs for selection is guided by quantitative genetic research in TEDS showing that heritability is high for early reading regardless of severity of cutoffs 6 and by statistical genetic simulations that show that quartile cutoffs balance the power obtained in DNA pooling studies from using extreme cutoffs and from using large samples. 38 Stage 2: Testing SNPS nominated in SNP-MaP by individual genotyping low and high groups. Stage 2 of the study was based on a larger subset of 4258 children from the 1994, 1995 and 1996 TEDS cohort for whom DNA and reading data at 7 years of age were available (reading data became available for the 1996 cohort subsequent to the selection of individuals for Stage 1). As in Stage 1, this sample represents the entire distribution of reading scores. Low and high reading ability children were selected using a 10th percentile cutoff of the composite reading measure, with 425 individuals in each group. The low and high groups in Stage 2 are independent of the low and high groups selected in Stage 1 (that is, individuals are not included in both Stages 1 and 2, although it should be noted that an individual's co-twin may be present in the other stage). See Figure 1 for an overview of the samples. To summarize, a total of 4258 children were included in Stages 2 and 3 and represent the entire distribution of reading abilities (3408 plus 425 'lows' and 425 'highs'). In conjunction with the independent sample of 1502 low and high reading ability children in Stage 1, a total of 5760 individuals were used in this study.
Measures
At 7 years of age, reading ability was assessed using the Test of Word Reading Efficiency (TOWRE) 39 and a teacher assessment of reading based on UK National Curriculum criteria. 40 These measures have been shown to be highly reliable, valid and correlated (r = 0.69) across the distribution and for reading disabled children at 7 years. 41 Heritabilities are substantial for both measures (0.63 and 0.74, respectively) and the genetic correlation between them is 0.79, indicating that the same genes largely affect both measures. 42 Together, these results suggest that a composite based on these two measures combines the precision of a test of the key reading processes of fluency and accuracy (TOWRE) and the breadth of reading ability as assessed by year-long teacher assessments using UK National Curriculum criteria.
The TOWRE is a standardized measure of fluency and accuracy in word reading skills, and was administered by telephone. 41 The TOWRE includes two timed subtests: sight word efficiency (SWE), which assesses the ability to read aloud real words; and phonemic decoding efficiency (PDE), which assesses the ability to read aloud pronounceable printed non-words. Each subtest consists of a list of words, carefully graded for difficulty, printed on a single page. The child is given 45 s to read as many words as possible. The raw score, the total number of words read correctly on each subtest, is thus a measure of both accuracy and fluency. Because the SWE and PDE raw scores are highly correlated (r = 0.81), a total TOWRE score, calculated by standardizing and summing the subtest scores, was used.
In the last half of the first year of primary school when most children are 7 years old in the United Kingdom, teachers of each of the children assessed the children's year-long reading performance using the UK National Curriculum criteria for key Stage 1, which is designed for children age 5 through their first year of primary school at age 7. 40 Teacher assessments were obtained by postal questionnaires.
A composite of the TOWRE and NC teacher assessments was used for our QTL analyses for reasons discussed above. The TOWRE and NC teacher assessment scores were standardized and summed so that they were weighted equally in the composite, and were age and sex regressed. In line with current theory about reading disability, 43 we did not attempt to adjust reading scores for intelligence. We used standard exclusions in TEDS including major medical or perinatal problems, hearing difficulties, autism spectrum disorder and English not being the first spoken language.
Laboratory methods Stage 1: SNP-MaP screen of low versus high groups. DNA was extracted from buccal swabs 44 and DNA pools constructed as described in our previous publications. [29] [30] [31] 34 Briefly, each sample was quantified using a spectrophotometer (260 nm) and diluted to a target concentration of 50 ng/ml. Each sample was then quantified once by fluorimetry (employing PicoGreen dsDNA quantitation reagent; Invitrogen, Molecular Probes, CA, USA) before being diluted further to 25 ng/ml and quantified in triplicate. Samples that were accurately quantified (75%) were accepted for pooling. For both the low (N = 755) and high (N = 747) reading ability groups, 80 ng of each individual's DNA was randomly assigned to 1 of 10 DNA pools, yielding a total of 20 independent pools with 75 individuals on average in each pool. The reason for including multiple independent pools is to allow the use of parametric statistics that includes variance between pools when comparing low and high groups, which also includes technical variation due to pooling and to microarrays. We have previously shown that DNA pools constructed in this way and allelotyped on 100K microarrays yielded allele frequency estimates that correlated 0.97 on average with each other (reliability) and the average allele frequency estimates from the DNA pools correlated 0.97 for 26 SNPs that were genotyped individually on the samples used to construct the pools (validity). 31 Each of the 20 DNA pools was allelotyped using the GeneChip Mapping 100K microarray set in accordance with the standard protocol for individual DNA samples. 45 The Affymetrix 100K microarray set includes 58 960 SNPs using XbaI restriction endonuclease and 57 244 SNPs using HindIII restriction endonuclease. Each microarray was scanned using the GeneChip scanner 3000 and GeneChip operating software (GCOS) version 1.1.1 with patch 5. CEL files were generated and subsequently saved and transported as Cabinet (CAB) files using Data Transfer Tool version 1.1 to a workstation that contained GCOS software version 1.2. Using GCOS 1.2, new .cel files were generated and analysed using GeneChip DNA Analysis Software (GDAS) version 3.0.
The raw probe intensity data were exported and DS SNP and relative allele scores (RAS) were generated using the RAS score algorithm as implemented in a script in R that is freely available to download (http:// sgdp.iop.kcl.ac.uk/oleo/affy). 31 An average of RAS 1 (sense strand) and RAS 2 (antisense strand) values (RASav) was used as a quantitative index of allele frequency. RASav values with a DS SNP value < 0.04 were excluded from analysis.
Stages 2 and 3: Testing SNPS nominated in SNP-MaP by individual genotyping
SNPs that were nominated in Stages 2 and 3 were individually genotyped at two facilities: Kbiosciences, UK, who used both competitive allele-specific PCR (KASPar) and TaqMan genotyping assays, and in our laboratory at the Institute of Psychiatry using SNPlex Genotyping System 48-Plex. 46 In the representative sample of 4258 individuals (one member of a twin pair) in Stage 3, power to detect additive genetic effects explaining 1.0, 0.5, 0.1% of the total variance of reading scores is 100, 99 and 66%, respectively, uncorrected for multiple testing (P = 0.05, one-tailed).
Results
Stage 1: SNP-MaP screen of low versus high groups SNP-MaP allele frequencies for the 20 DNA pools were calculated. To increase the reliability of SNPMaP allele frequency estimates, we required a minimum of eight (of 10) SNP-MaP allele frequency estimates for both high and low groups, a criterion met by 107 116 SNPs on the 100K microarray set.
The average SNP-MaP allele frequency estimates for the low and high groups were calculated for each SNP and these allele frequency estimates were correlated between the low and high groups. As shown in Figure 2 , allele frequency estimates were highly correlated between the low and high groups (Pearson correlation coefficient, r = 0.994), which can be viewed as a genome-wide genomic control. Figure 3 indicates that the differences between the low and high groups were correspondingly small, with a mean absolute difference of 0.025 ranging from 0.000 to 0.308. A Student's t-test, which tests for mean allele frequency differences between groups as a function of the variance of the 10 pools within each group, was performed for each of 107 116 SNPs. Although the goal of Stage 1 (SNP-MaP) was to screen for SNPs that would then be tested for association in Stage 2 rather than to test for statistical significance, 1083 SNPs reached an a level of 0.01 when 1071 would be expected on the basis of chance alone.
The mean absolute difference between the low and high SNP-MaP allele frequency estimates for these 1083 SNPs was 0.079 (ranging from 0.008 to 0.308). High t results can be found for very small mean absolute differences when variance of the 10 DNA pools within each group is even smaller. This occurs especially for low-frequency alleles. For this reason and because power is substantially reduced for lowfrequency alleles, SNPs were removed from further analysis if the average SNP-MaP minor allele frequency estimate in one or both groups was less than 10%. This reduced the number of SNPs from 1083 to 780. For the 780 SNPs, the mean absolute difference between the high and low SNP-MaP allele frequency estimates was 0.089 (ranging from 0.028 to 0.308). Finally, the number of nominated SNPs was winnowed further on the basis of power to detect allele frequency differences. The average s.e.m. across the 10 independent DNA pools within each group can be used to estimate power. For the 107 116 SNPs for which we had allele frequency estimates for a minimum of 8 of 10 DNA pools, the average s.e.m. was 0.024 for the low group and 0.025 for the high group. Using an s.e.m. of 0.025 to estimate power, our design with 10 DNA pools with 75 individuals in each group provides 80% power (P < 0.01, two-tailed) to detect SNP-MaP allele frequency differences of 0.085 between the low and high groups, and 99% power to detect differences of 0.12. 47 For this reason, we focus on SNPs whose low-high SNP-MaP allele frequency difference is greater than 0.09, which left 313 SNPs. The 313 SNPs were further reduced to 302 because 11 SNPs were located on the X chromosome and the mixed gender pools complicate the interpretation of these SNPs. The scatterplot of these 302 SNPs is shown in Figure 4 . Details about the 302 SNPs can be found in Supplementary Table S1 .
Stage 2: Testing SNPS nominated in SNP-MaP by individual genotyping low and high groups It should be noted that Stage 2 requires replication of low-high differences seen in Stage 1 in an independent sample, and that these differences are in the same direction as Stage 1. Although all 302 candidate SNPs should be tested in Stage 2 in our low and high reading ability sample of 850 children (425 'lows' and 425 'highs'), funds were only available to test 75 SNPs. A variety of criteria was used to select a subset of 75 SNPs during the course of the project, but they were in essence arbitrarily chosen and cover the range of SNP-MaP low-high allele frequency differences. Because of this, it is reasonable to assume that these 75 SNPs indicate how well the 302 SNPs as a group would fare had they all been genotyped. Individual genotyping results for the 75 SNPs can be found in Supplementary Table S2 .
Of the 75 SNPs, nine (12%) showed significant differences between the low and high groups using a nominal one-tailed a level of 0.05. These SNPs were included in Stage 3. An additional 14 SNPs, although not reaching nominal significance, showed a moderate allele frequency difference (X0.030) between the low and high groups in the expected direction. To decrease the likelihood of false-negative findings, we also included these SNPs in Stage 3.
Stage 3: Testing SNPS nominated in SNP-MaP by individual genotyping an unselected sample The 23 SNPs nominated in Stage 2 were individually genotyped across the remaining unselected sample of 3408 children to test the QTL hypothesis directly by assessing the extent to which the SNPs are associated with reading ability throughout the distribution.
Genotypic scores were created for each of the 23 SNPs using an additive genotypic model: AA = 0, AB = 1, BB = 2, where A is the allele whose frequency was reported in the SNP-MaP screening stage (that is, the RASav value for the SNP). These additive genotypic scores were then correlated with individual reading scores for the entire sample of 4258 individuals. This correlation provides a simple and powerful test of effect size and the direction of the effect for an additive genetic model. Because only those SNPs that replicate the previous results in the same direction are considered as significant, one-tailed tests of significance were used.
With 23 tests and an a of 0.05, only one significant result would be expected on the basis of chance alone. As shown in Table 1 , 10 of the 23 SNPs were significantly associated with individual differences in reading ability throughout the distribution in the same direction as indicated by the SNP-MaP analyses based on pooled DNA from low versus high groups.
The significant correlations are small with an average correlation across the 10 significant SNPs of 0.038; the largest correlation is 0.049. Squaring these correlations (r 2 ) to estimate effect size indicates that these associations account from only 0.078-0.240% of the variance of reading scores. The average effect size is 0.15% and the sum of the effect sizes of the 10 SNPs is 1.5%. Figure 5 illustrates the results from Table 1 for the 10 significant SNPs in terms of standardized mean quantitative trait reading scores with 71 s.e.m. for the three SNP genotypes. For all 10 SNPs, the nonoverlapping s.e.m.s indicate that the mean reading scores of the two homozygous genotypes differ significantly. The mean reading scores of the heterozygous genotypes are in between the mean reading scores of the homozygous genotypes, indicating intralocus additivity. However, the heterozygous genotype is significantly different from the homozygous genotypes only for rs2192595, which shows the largest correlation (Table 1) . Because the reading score is standardized, it provides another way of examining the effect size. For example, the average Z-score differences between the homozygotes for the 10 SNPs is 0.139 and ranges from 0.078 to 0.228, indicating that the homozygotes differ up to 0.228 of a s.d. in their reading scores. This finding indicates that even with very modest correlations such as these, genotypic selection for homozygotes could yield groups that differ importantly in reading. This point takes on greater significance when the SNPs are combined in a 'SNP set'.
SNP set
The additive genotypic values for the 10 SNPs are uncorrelated because the SNPs are not in linkage disequilibrium with each other. This permits the creation of a composite 'SNP set' that aggregates the small effects of each SNP and can be useful in studies that are not sufficiently large to provide the power needed to analyse each SNP separately. As described above, additive genotypic values were coded 0, 1, or 2 for each SNP, with 0 conferring lowest reading ability and 2 conferring highest reading ability. SNP genotypes for the 10 significant associations were summed to produce SNP-set scores from 0 through 20. Only individuals with complete data for all 10 SNPs were included (N = 1759), although analyses were also conducted using a missing data option that substituted the population mean for missing SNPs (N = 4258). The SNP-set scores were normally distributed (see Figure 6) .
The correlation between the SNP-set scores and reading scores is 0.105 (P = 0.000005). Using the missing data option, the correlation was lower (r = 0.087, P = 0.000000002), presumably because of the loss of information, although the significance is greater because of the much larger sample size. Figure  7 plots the standardized reading score against the SNP-set scores for the sample with complete data. It can be seen that the association is linear, which indicates additivity; that is, the SNPs do not appear to interact epistatically in their effect on reading. The standardized reading score difference between the SNP-set scores of 6 and 15 is 0.54 s.d. This difference suggests that genotypic selection based on SNP-set scores could be effective for selecting groups with a genetic liability for reading disability or for reading ability in early childhood, even when the associations of the individual SNPs show weak effect sizes.
SNPs associated with early reading
We have shown 10 SNPs to be reproducibly associated with reading ability in early childhood. None of the 10 SNPs are located in any of the previously identified reading disability regions. It is noteworthy that 7 of the 10 SNPs reside in genes (intronic or 5 0 -UTR), with the remaining three SNPs located in intergenic regions. None of the SNPs has obvious functional effects. Interestingly, one of the seven genes, TIAM1, the T-cell lymphoma invasion and metastasis 1 gene on chromosome 21q22.11, also contains one of the 302 SNPs (rs723469), which was selected at Stage 1 of the study but which was not one of the 75 SNPs selected for individual genotyping at Stage 2.
To assess whether SNPs that show a significant association in Stage 3 could be predicted by assessing P-values of nearby SNPs in Stage 1, we retrospectively examined the P-values of SNPs located within 1 LDU in either direction of the 10 significant SNPs based upon a recent LD map of the genome. 48 Although the coverage of the 100K microarray limits the usefulness of this approach for some SNPs, in the six instances where coverage is good ( > 5 SNPs in the 2-LDU region), there were other nominally significant SNPs (P < 0.05) within the 2-LDU region for four SNPs (rs10485609, rs1842129, rs1323381, rs4754752).
Discussion
Using pooled DNA for low and high reading groups to screen 107 116 SNPs for associations with reading, 302 SNPs were nominated for the second stage of QTL testing, which involved individual genotyping an unselected sample of low and high reading ability individuals. For financial reasons, 75 of these 302 SNPs were individually genotyped. Of these 75 SNPs, 23 were also genotyped across the entire unselected sample of 4258 individuals. Of these 23 SNPs, 10 were associated with individual differences in reading ability at the nominal a level of 0.05 in the direction expected from the screening stage. Until these SNPs are replicated, caution is in order because the 10 SNPs were only nominally significant, that is they would not survive correction for multiple testing such as false discovery rates. In addition, although Stage 1 was designed for screening rather than significance testing, only a few more SNPs were detected at Stage 1 than expected by chance.
Replication of these 10 SNPs will be difficult because the effect sizes of the SNPs are so small: the average effect size is 0.15% of the total variance of the reading scores and the largest effect size is only 0.24%. A sample of more than 4000 individuals is needed to reach 80% power (P < 0.05, one-tailed) to detect an effect size of 0.15%. When effect sizes are so small, multiple SNPs can be aggregated in a composite 'SNP set', which could be replicated and used in studies with much smaller samples. For example, the 'SNP set' of 10 SNPs has an effect size of 1% of the total variance in early reading, or about 2% of the genetic variance if the heritability of early reading is about 50%. An effect size of 1% would require a sample of about 600 to reach 80% power to detect its association with reading (P < 0.05, one-tailed). It should be noted that if the 75 SNPs we selected for individual genotyping were a random selection of the 302 SNPs nominated from Stage 2, we might expect to find a SNP set of 40 rather than 10 SNPs, accounting for 4% rather than 1% of the variance.
The finding of more general significance is that no associations greater than 0.5% were detected even though the sample of 4000 provided 99% power to detect them. Genome-wide association scans will identify 'low-hanging fruit'-QTLs with large effect sizes-as demonstrated in research on macular degeneration 49 and inflammatory bowel disease. 50 The possibility of harvesting such low-hanging fruit warrants the use of genome-wide association scans. However, we predict that for common disorders and quantitative traits, such scans will largely exclude QTLs of large effect size. If the largest QTL effects are as small as 0.2% of the variance, winnowing the wheat from the chaff will be difficult, requiring extremely large samples, multiple-stage designs and replication in independent samples. Nonetheless, the substantial heritability of most common disorders and quantitative traits means we must do what it takes to find the genetic variation responsible.
An important limitation of this study is that only the 100K SNP microarray set was available commercially when we began the screening stage of the project, whereas many more SNPs are needed to provide a genome-wide association scan. Although 1590 of the 107 116 SNPs on the 100K array are located on the 6p21-p22 and 15q21 regions that have shown replicated QTL linkage for reading disability, only seven of the SNPs in these regions were among the 302 SNPs nominated by the SNP-MaP screening (Stage 1), none of which passed the selection criteria for individual genotyping in Stage 2. This lack of replication may be a consequence of the SNPs assayed in this study; as mentioned, 100K SNPs cannot be considered truly genome-wide and we may have missed the signal from these regions. In addition, associations to 6p21-p22 are strongest for severely affected individuals with reading disability and our sample is community based, and so the lack of replication may also be confounded by this. It is noteworthy that the three SNPs with the lowest minor allele frequencies (rs1323381, rs2192595, rs1320490) showed the largest effect for the genotype with the lowest frequency. This could signal falsepositive results for SNPs with lower minor allele frequencies. Because power is reduced to detect SNP associations for SNPs with low minor allele the reduction, we excluded SNPs with minor allele frequencies of less than 10%. The minor allele frequencies for these three SNPs indicate that they are not rare alleles: 15.6, 16.9 and 18.2%, respectively. Nonetheless, the sample sizes for the homozygous genotypes with the minor allele are relatively small (for example, 73 for the TT genotype of rs1323381, as indicated in Figure 5 ). However, because the least common genotype has the largest standard error, its effect on our test for an additive effect across the three genotypes is weighted accordingly. It can be seen in Figure 5 that the plots of genotypic values for the 10 significant SNPs are reasonably linear, especially when the standard error bars are into account.
The study may potentially be limited in eight other ways: (1) In Stage 3, SNPs were screened using an additive model because quantitative genetic research suggests that most genetic influence is additive. 51 As shown in Figure 5 , the 10 SNPs show a linear relationship between additive genotypic values and reading scores. (2) The SNP-MaP screen did not use K-corrected allele frequency estimates. K-correction improves the accuracy of absolute estimates of allele frequency for pooled DNA, 52 but K values were not available when we conducted the SNP-MaP stage of our study. However, K-correction does not have much effect on relative estimates of allele frequency, which is the relevant issue when comparing pooled DNA for groups. 31 In the present study, of the 302 SNPs we selected in the SNP-MaP stage, all but four would have been selected if we had used K-corrected estimates. (3) Only 75 of the 302 SNPs nominated by SNP-MaP were individually genotyped in the sample of 4258 children. The 75 SNPs essentially represented a random sample of 302 SNPs so that their results are likely to be representative of the results for all 302 SNPs. With additional funds it will be possible to investigate the remaining 227 SNPs, including the SNP (rs1001646), which shows the largest allele frequency difference of 0.308 (see Supplementary Table S1 ) but was not selected in the sample of 75 SNPs. (4) SNPs with minor allele frequencies less than 10% were excluded in the SNPMaP screen for reasons explained earlier. It seems reasonable to begin by testing the common variant/ common disease QTL hypothesis; 53 with additional funds it will be possible to investigate less common alleles. (5) SNPs nominated on the basis of low versus high allele frequency differences in Stage 2 were required in Stage 3 to show associations with individual differences throughout the normal distribution because of our interest in identifying QTLs. The 13 SNPs that did not show QTL associations in Stage 3 might nonetheless be followed up in low-high comparisons. (6) Although no individuals from the DNA pools in Stage 1 were also included in Stage 2, genetically related individuals (co-twins) were included in Stages 2 and 3, which means that Stages 2 and 3 are not completely independent genetically of Stage 1. The reason for this design decision was to use the largest possible sample size in the search for QTLs of small effect size. (7) More sophisticated ways of analysing pooled DNA are available (for example, GenePool). 54 However, these methods were not available when we completed our SNP-MaP screen. In addition, our approach based on comparing group mean allele frequency differences as a function of variance across DNA pools, is central to these newer analytic strategies. (8) The SNP-MaP screening did not discriminate SNPs in known regions of copy number variants. 55, 56 The 100K microarray does not detect copy number variants; the Affymetrix 5.0 microarray contains 420K non-polymorphic probes to detect copy number variants. However, if the copy number variants were important, we suggest that it would add noise to the SNP-MaP screening thus increasing false negatives rather than false positives. However, the SNP associations identified could be due to copy number variants (or other functional DNA within LD of the SNP such as DNA for noncoding RNA). We examined the 10 SNPs in relation to known regions of copy number variants and found that three are in known CNV regions. 56 This is more than would be expected by chance-1250 of the SNPs on the 100K array are in known CNV regions (B1%).
Our ongoing research differs in two ways that attenuate some of these limitations. First, we are now using the Affymetrix 5.0 500K SNP microarray, which will move closer to a genome-wide association scan and detects copy number variants. The second difference addresses the frustration at only being able to genotype 75 of the 302 SNPs nominated by SNPMaP due to financial constraints. Indeed, it would be useful to test hundreds of other SNPs suggested by the SNP-MaP screening using the 100K microarray and even more SNPs when the 500K microarray is used. We will address this issue by adding a second SNPMaP stage to winnow the 500K SNPs to a manageable number of SNPs before confirmation with individual genotyping. This second SNP-MaP stage will include low-high comparisons for all 500K SNPs on a sample independent from the first SNP-MaP stage.
